Bengkala is an Indonesian village located on the north shore of Bali that has existed for over 700 years. Currently, 2-2% of the 2185 people in this village have profound congenital deafness. In response to the high incidence of deafness, the people of Bengkala have developed a village specific sign language which is used by many of the hearing and deaf people. Deafness in Bengkala is congenital, sensorineural, non-syndromal, and caused by a fully penetrant autosomal recessive mutation at the DFNB3 locus. The frequency of the DFNB3 mutation is estimated to be 9-4% among hearing people who have a 17-2% chance of being heterozygous for DFNB3. (J Med Genet 1995;32:336-343) A medical and genetic analysis of deafness in Bengkala, Bali began in 1990 with the identification of deaf subjects and their relationships. An Bali.1-3 Goitre has been the concern of Indonesian physicians for many years and has been the subject of extensive regional iodide therapy since 1980.2 In addition to goitre, 47 of the residents of Bengkala are congenitally deaf. Fig 1 shows the families of all of the deaf people in Bengkala. It is suspected that the history of deafness in Bengkala spans many generations since virtually the entire population of Bengkala uses a village specific sign language as a means of integrating the deaf and hearing into a community. 
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Bengkala is an Indonesian village located on the north shore of Bali that has existed for over 700 years. Currently, 2-2% of the 2185 people in this village have profound congenital deafness. In response to the high incidence of deafness, the people of Bengkala have developed a village specific sign language which is used by many of the hearing and deaf people. Deafness in Bengkala is congenital, sensorineural, non-syndromal, and caused by a fully penetrant autosomal recessive mutation at the DFNB3 locus. The frequency of the DFNB3 mutation is estimated to be 9-4% among hearing people who have a 17-2% chance of being heterozygous for DFNB3. A medical and genetic analysis of deafness in Bengkala, Bali began in 1990 with the identification of deaf subjects and their re- lationships. An Bali.1-3 Goitre has been the concern of Indonesian physicians for many years and has been the subject of extensive regional iodide therapy since 1980.2 In addition to goitre, 47 of the residents of Bengkala are congenitally deaf. Fig 1 shows the families of all of the deaf people in Bengkala. It is suspected that the history of deafness in Bengkala spans many generations since virtually the entire population of Bengkala uses a village specific sign language as a means of integrating the deaf and hearing into a community.
INFORMED CONSENT
Subjects from Bengkala participated voluntarily in this research project and were either hearing or deaf. Permission to conduct this study was obtained from six Indonesian sources: (1) 21 samples were typed for four linked dinucleotide repeat marker loci (STRs), D19S179 (Mfdl76), D19S253 (Mfd239), D19S47 (Mfd9), and D19S200 (MS265), known to be highly informative in populations of western European ancestry. 4 From an analysis of these four STR markers in the 21 hearing and deaf people, the inhabitants of Bengkala appeared to have levels of genetic variability similar to the levels found in western populations indicating that STRs would be useful in determining the map position of DFNB3.5
In the summer of 1993, 109 additional villagers were interviewed, gave their consent to participate, were photographed, and subsequently gave blood samples for DNA extraction. These villagers included 51 hearing men and women who professed to have no known first or second degree deaf relatives. Of these 51 volunteers, DNA samples from 48 Representative Bengkala Individuals (RBIs) were used to determine marker allele frequencies in the village of Bengkala. The genealogies of the RBIs were also investigated in the summer of 1993. Each RBI was asked to look at the photographs taken when blood samples were drawn to determine if any were kinsmen or affines of each other or of the deaf people in our sample. Queries were also made to determine if any additional deaf people existed in the village that were unknown to us. This process uncovered subject 177, K2 ( fig  1) , a very elderly deaf woman, who was ill at the time and shielded from visitors. Subject 177 had eight hearing sibs, two of whom (179 and 144) were carriers of the recessive deafness mutation. Deaf villagers were also interviewed with the aid of a hearing interpreter who knew the Bengkala sign language, generally in a setting where hearing members of the deaf people's families were present. They were also asked to look at the pictures of RBIs to identify possible kinsmen. These queries uncovered a few links between members of small families containing deaf people allowing us to group all the deaf in Bengkala into the six kindreds (Kl, K2, K3, K4, K5, and Kll) as shown in fig 1. To Between 1990 and 1993, 13 pedigrees of the deaf and their relatives had been identified. The initial anthropological investigations conducted in the summer of 1993 were aimed at collecting additional information on kinship and marriage in Bengkala and obtaining a better understanding of the history of Bengkala.
The process of learning the social organisation and ritual life of the community was then begun through interviews and observation. Historical studies were initiated to uncover records pertaining to the dates when Bengkala might have experienced population bottlenecks and when congenital deafness might first have become apparent in Bengkala. The historical study of Bengkala involved collecting personal histories and traditional village origin stories as well as examining the village archives held by the Gedong Kertia Library in Singaraja. Prasasti, metal plates written in Sanskrit in the 12th century, were examined and found to describe the village charter granted to Bengkala by the King of Bali.
ANALYSIS OF HISTORICAL RECOMBINANTS
Using 150 STRs located an average of 30 cM apart, DFNB3 was found to be linked to the pericentromeric region of chromosome 17.6 A conventional linkage analysis involving 250 CEPH family members6 was then used to construct a linkage map of 13 chromosome 17 STRs that flank DFNB3. Using historical recombinant haplotypes of these 13 DFNB3 flanking marker loci on 17p among 13 deaf people from Bengkala, the known recombination fractions from the CEPH families and equation 1 below, the number of generations since the appearance of the DFNB3 gene in Bengkala was estimated to be:
where 0 is the known frequency of recombination between two linked markers, HR is the proportion of historical recombinant haplotypes observed for these markers, and g is the number of generations assumed to have passed since DFNB3 appeared in Bengkala.78 This analysis assumes that the DFNB3 mutation first appeared in Bengkala in complete allelic disequilibrium with closely linked markers. Over time, as a consequence of recombination and possibly mutation of linked marker alleles, the DFNB3 mutation has become associated with different combinations of closely linked marker alleles, that is, different recombinant haplotypes.
The number of generations since DFNB3 appeared in Bengkala was also estimated using a different method of calculating the proportion of disequilibrium that is expected to remain since the mutation entered the population given by equation 2: 
where r is the observed number of homozygous recessive deaf people who are also homozygous for the i"' linked marker allele following g generations of linkage disequilibrium decay, pi is the frequency of the linked i"' marker allele, p2n is the expected number of deaf also homozygous for the i' marker allele provided Hardy-Weinberg and allelic equilibrium has been reached, and n is the number of homozygous recessive deaf people examined.
Results

BIOLOGICAL NATURE OF DEAFNESS
Bengkala has a long history of reported goitre.' Since 1980, the people in Bengkala have participated in an extensive iodide supplementation programme to eliminate goitre from Bali. Deafness in Bengkala was initially suspected to be caused by Pendred syndrome (MIM 274600)1 which is inherited as an autosomal recessive trait in which subjects are deaf with goitre. X2 analysis indicates that sex, goitre, and hearing status are randomly associated among members of the kindreds presented in fig 1 (X2=2*87, 3df, p=0412).
Regardless of hearing status, sex and goitre are randomly associated among members of the kindreds shown in fig 1 and the RBIs (x2 = 4 30, 3 df, p=0-231). These observations rule out the possibility that deafness in Bengkala is caused by Pendred syndrome. However, there is presently an unexplained association between sex and goitre in Bengkala with women exhibiting a higher incidence of goitre than men (x2 = 10-95, 1 df, p=0000941).
There are over 35 additional syndromes which have deafness as one of the reported findings.' -'4 For example, subjects with syndromes exhibiting hearing impairments may also show facial dysmorphic features, for example, Waardenburg syndrome with dystopia canthorum'5 and Noonan syndrome with hypertelorism.12 Facial measurements of inner canthal distance, inner pupillary distance, and outer canthal distance of the RBIs do not differ significantly from measurements of deaf subjects (data not shown). Thus, deaf people do not exhibit facial dysmorphic features associated with Waardenburg syndrome type 1. To the best of our knowledge, all deaf members of Bengkala are without any additional stigmata. Deafness in Bengkala appears to be nonsyndromal.
HEARING TESTS
Audiological examinations indicated that deafness in Bengkala is bilateral, sensorineural, and that 24 tested deaf people were uniformly nonresponsive to pure tone audiological examinations at sound pressure levels up to 90 dB. Histories of each deaf person in Bengkala indicate that hearing loss was congenital in all but two profoundly deaf subjects (Nos 46 and 48, designated C in fig 1) . These latter two subjects were excluded from the segregation and population analyses given below and the mapping analyses. A total of 16 deaf people in Bengkala were born to parents who are both hearing (fig 1) .
If deafness in Bengkala is caused by a fully penetrant autosomal recessive mutation at a single locus, the marriages producing these 16 people must involve parents who are heterozygous for a mutation at this locus. Such marriages should produce one deaf child for every three hearing children. In Bengkala, we observed 16 deaf to 18 hearing children, a significant deviation from an expected mendelian 1:3 ratio (X2=8.824, 1 df, p= 0 002984). Such a deviation, however, is consistent with complete truncate ascertainment bias which is caused by an apparent deficiency in the number of hearing children from het- P2( + / + hearing) +2P(1-P)(+//-hearing)=P(2-P) (3) where (1 -P) indicates the frequency of the DFNB3 mutation and +/-indicates subjects carrying the DFNB3 mutation. The normalised proportions of the above frequencies are given by: P/(2-P)(+/+) +2(1 -P)/(2-P)(+/-) = 1 (4) DFNB3 has been mapped to the pericentromeric region of chromosome 17 using a new genome wide disequilibrium search, a strategy described briefly elsewhere6 and in detail in a manuscript in preparation (Asher et at). The current map distances between markers in the region to which DFNB3 maps are presented in the column of table 2 labelled cM. The STRs D17S122 (VAW409) and D17S783 (AFMO26vh7) flank DFNB3 and are 5-3 cM apart. 6 If double recombinants are minimised, these two markers are separated by three historical recombinations. Given the haplotypes present in the 13 deaf subjects (table 2) , DFNB3 appears to be in complete allelic disequilibrium with respect to the STRs D17S261 (Mfd4l) and D17S805 (AFM234tal). As indicated by equation 1,' the decay of this disequilibrium is dependent upon the distance between markers as a recombination fraction (0) and the number of generations (g) since DFNB3 appeared in the population. The more distant the marker is from the DFNB3 mutation, the larger number of historical recombinant (HR) haplotypes will be expected and observed (table 2). The frequency of these recombinant haplotypes and equation 1 
